We report on a new bottom-up technique for forming silicon nanostructures based on the assembly of nanocrystalline Si (ncSi) dots by the Langmuir-Blodgett technique. nc-Si dots with a diameter of 10 AE 1 nm fabricated by a very high frequency (VHF) plasma process are dispersed in solvent and functionalized with an appropriate silane coupling agent. After compression at the surface of a Langmuir trough to form a well-organized two-dimensional array, nc-Si dots are transferred onto Si substrates. We have succeeded in forming a well-assembled nc-Si dot array with an area density of 7:33 Â 10 11 cm À2 . Furthermore, we clarified what happens at the surface of a Langmuir trough based by analyzing surface pressure-area isotherms.
Introduction
Over the past few decades, the performance of siliconbased very-large-scale integration (VLSI) circuits has steadily been improved by scaling down device dimensions, and a nearly exponential growth of microelectronics capabilities has been achieved. However, maintaining this topdown miniaturization trend is exceedingly difficult due to fundamental physical and technological limitations as well as economical limitations. 1) Recently, bottom-up approaches to form nanometer-scaled silicon structures have attracted us particularly for future applications in nanoelectronics. 2, 3) We have succeeded in preparing an assembly of spherical nanocrystalline Si (nc-Si) dots with a diameter of 10 nm and a dispersion of less than 1 nm by the VHF digital plasma process, 4, 5) and we have applied the process to a planar coldelectron emitter. 6) In Si nanostructure-based cold electron emitting devices, electron transport along the nc-Si dot chain structures plays an important role in reducing the energy loss of emitted electrons. 7, 8) Therefore, a remarkable improvement is expected in emission efficiency if an ordered array is introduced to the conducting region of the emitter. In addition, the technologies for formating nc-Si dot arrays provide us with an enormous improvement in flexibility and reproducibility in device design and fabrication, in particular for single electron devices, 9) nano dot memory devices, 10) and even for future quantum information devices. 11) However, in the currently used deposition chamber, individual nc-Si dots are deposited randomly on substrates, and controlling the position of nc-Si dots is a very challenging issue.
On the other hand, techniques for fabricating a twodimensional (2D) ordered array of nanoparticles using the self-assembly of colloidal particles dissolved in a small quantity of liquid have been developed in the field of colloidal particle science.
12) Denkov et al. directly observed the dynamics of 2D array formation of nanoparticles on solid substrate and discussed the mechanism from a view point of lateral capillary force. 13) In our previous report, 14) we tried to assemble our nc-Si dots using the drop-and-evaporation method and succeeded in fabricating a high-density 2D assembly of nc-Si dots, but we also found that the evaporation mechanism is too complicated to control.
In this paper, we focus on the Langmuir-Blodgett (LB) technique as a more controllable method which was originally used for assembling organic molecules 15) and recently used as a method by which to assemble gold nanoparticles 16) and silica nanoparticles. 17) We applied the LB technique to form a 2D nc-Si dots array for the first time. In this report, we describe how to prepare a nc-Si dot colloidal solution for use in the LB methods. Results for the nc-Si dot 2D array made by the LB method are shown, and the surface pressure-area (-A) isotherms, which are key features for improving the quality of LB thin films, are discussed.
Experimental Methods
Nc-Si dots with a diameter of 10 AE 1 nm were deposited on Si substrates in ultra high vacuum (UHV) chamber using VHF plasma decomposition of a pulsed SiH 4 gas supply. 4) Since as-deposited naked dots easily react with pure water and easily go down into water, we tried covering the surface of nc-Si dots with organic molecules to prevent the reaction of the dots with pure water. We chose hexamethyldisilazane (HMDS), a silane coupling agent often used in the silicon process, as a covering molecule which can change a hydrophilic SiO 2 surface into a hydrophobic surface as shown in Fig. 1 . We took out the deposited substrate from the chamber and immediately immersed it into HMDS (in about 10 s), We were then able to actually observe bubbles rising; they were caused by the reaction of the surface of the dots and HMDS. We then applied an ultrasonic treatment to remove the nc-Si dots from the substrate surface and disperse them into HMDS. This process must be carried out before the surface of the nc-Si is fully oxidized and the strong bonding between the nc-Si dots and the substrate surface is established. As only a partially oxidized surface formed during the short period of air exposure and was able to react with HMDS, the nc-Si dots were not fully covered by HMDS during the one-time immersion. Therefore, we repeated the evaporation and refill of HMDS several times to obtain a sufficient coating of the nc-Si dot surface. Finally, after the HMDS evaporated, we filled chloroform. as a solvent of the nc-Si dots suspension. The overall procedure to prepare the nc-Si dot suspension is summarized in Fig. 2 .
The suspension was cautiously spread along the air-water interface of a Langmuir trough, and the nc-Si dots covered by HMDS floated on pure water because of surface tension. The concentration of nc-Si dots in the suspension can be estimated from the amount of suspension which was dropped on the trough. Enclosed by the bars, the 2D array of nc-Si was organized at the air-water surface. After compression with the monitoring -A isotherm, the film was transferred laterally to Si substrate, and a mono layer of nc-Si was transferred onto the solid substrates. We observed the surface of the film with a scanning electron microscope (SEM).
Results and Discussion
Figure 3(a) shows an SEM image of the surface of asdeposited nc-dots on a Si wafer with an area density of about 1 Â 10 11 dots/cm 2 . First we used the naked nc-Si dots in chloroform as a suspension. The SEM image of the surface of a LB film transferred from the trough surface onto a Si wafer is shown in Fig. 3(b) . Compared with the as-deposited surface, outlines of nc-Si dots are indistinct, and there seems to be a gel-like residue between nc-Si dots. In contrast, Fig. 4(a) shows the SEM image of an LB film when we use HMDS-coated nc-Si dots in chloroform as a suspension in the LB experiment. The clear image of nc-Si dot assembly means the coating of nc-Si dots with HMDS plays an important role in the formation of LB films of nc-Si dots. The effects of surface modification on the LB film formation are discussed later together with the results of the -A isotherms. The area density of nc-Si LB membrane in Fig. 4 is estimated to be 7:33 Â 10 11 dots/cm 2 , which is about 7 times larger than that of the as-deposited film and twice as large as the film formed by the drop-and-evaporation method described in the previous report. 14) To the best of our knowledge, this is the first LB film consisting of silicon nanodots. A lattice-like structure was clearly seen in the expansion of the LB film surface as shown in Fig. 4(b) . On the other hand, the typical size of the assembled area in a well is limited to around 5 Â 5 mm 2 , which was indicated by the void-like structures observed in the upper and left-handside regions of Fig. 4(a) . In order to realize a higher density assembly which is closer to the ideal density of the closepacked structure and to fabricate a nc-Si dot LB film with larger area coverage, further parameter optimizations of the surface modification method and of the LB method for nc-Si dots are needed. Results when we use a different silane coupling agents, which impact higher hydrophobicity to ncSi dots, will be reported elsewhere. Next we discuss the -A isotherms which are measured by the LB film growth and which can be considered good indices of the quality of the final LB films. The isotherm (a) in Fig. 5 was recorded in at the LB experiment in which we used a suspension of non-covered dots in chloroform, the result of which is shown in Fig. 3(b) . Unlike the general -A isotherm reported in the LB films of the other particles, pressure was kept almost constant at around 40 mN/m as the area decreased from 400 to 200 nm 2 followed by a rapid increase in pressure which indicates densification. During the LB experiment, we observed the development of an unexpected membrane on the water surface which might have disturbed the formation of the close-packed structure. In cases in which we used pure chloroform, pure HMDS, and a 50 : 50 mixture of chloroform and HMDS as references, the pressure seldom deviated from zero, as expected. Therefore, chloroform and HMDS do not affect LB membranes. On the other hand, in the case of curve (b) in Fig. 5 , we collected the data using HMDS-covered nc-Si dots and show the result in Fig. 4 ; the area of constant pressure shown in curve (a) in Fig. 4 is clearly suppressed.
It is known that Si reacts with water as
À . In the case of curve (a) in Fig. 5 , the reaction between nc-Si dots and water begins at the start of the experiment, and the reaction products spread over the surface of the water in the LB trough. These products contribute to increasing , and furthermore, values of in such a gel-like film are more insensitive to the area change than are in the conventional suspension films. This is the reason we observed the flat pressure range in Fig. 4 . This discussion is also supported by curve (b), where the HMDS coating has the effect of protecting nc-Si dots from water during the LB experiment. The flat pressure area was suppressed due to a reduction of the gel-like products from the reaction between the nc-Si dots and water because of the HMDS coating on the dots. As a result, we obtained a wellpacked nc-Si dot array.
Assuming we make a close-packed structure using nc-Si dots with a diameter of 10 nm, the maximum area density is about 1:15 Â 10 12 dots/cm 2 , or about 1.5 times larger than that obtained in this study. Toward a further densely packed structure and larger area assembly, we briefly mention several attempts to avoid the reaction between nc-Si and water. First we reduced the pH of the trough water by adding acid. However we did not observe any improvements as shown in Fig. 6(a) . Next we changed the atmosphere around the LB equipment to investigate the effects of oxygen in the environment. Figure 6(b) shows the -A isotherms taken at different oxygen concentrations in the environment and also shows that reducing the quantity of O 2 is effective. This result indicates that, in the case of the LB experiment, a reaction at three phase contact line 4 is dominant. Further investigation to find a more suitable silane coupling agent to coat nc-Si dots is now under way.
Conclusions
We succeeded in fabricating closely assembled nc-Si dots for the first time by using the LB method. We considered what happens on the water surface in the LB experiment, and we also clarified that the reaction in the LB method is a local reaction and is dominant at the three phase contact line to cause dot melting rather than the reaction between the dots and water. Reducing O 2 in the LB is also useful for the repression of dot melting. 
